A method to make two types of hinges which bend toward opposite directions from the same epitaxial layers using the micro-origami technique is proposed and successfully applied to make standing micro-stages on a GaAs substrate. This method opens a path to fabricate more complex three-dimensional self-positioned micro-machined structures. q
Introduction
Micro-opto-electromechanical systems are becoming increasingly widespread in a variety of applications [1] . Silicon-based systems are the most developed, but there are also many examples of systems made with compound semiconductors in general, and GaAs in particular [2, 3] . Typical devices include hinged parts that are released from the substrate and locked in some defined position or remain movable during device operation. Fabrication of the hinges is a complex task that requires many process steps. Small hubs are prone to have defects or become stuck and sliding parts may wear out with time. Moving and locking the parts in their final positions require a manual labor in the micron realm or even more complex electrostatic engines. Therefore, a simpler method to make hinges and some kind of selfpositioning of micro-machined structures is highly desirable.
Recently, we proposed and demonstrated a method to make self-positioned micro-machined structures by using hinges that bend due to the strain in a pair of latticemismatched epitaxial layers [4] . This method was applied to fabricate a standing mirror and a retro-reflector using epitaxial growth of III -V compound semiconductors [5] . These structures were realized using hinges that bend upwards from the substrate surface. This type of hinge is called tani-ori (valley-fold) in origami, the Japanese paper folding art. In this study, we propose and demonstrate a method to make hinges which bends toward the opposite direction, called yama-ori (mountain-fold). Moreover, we found a way to make both types of hinges from the same epitaxial layers, opening the way to fabricate more complex three-dimensional structures.
Experimental results and discussion
The multilayer structure was grown by MBE on a GaAs (100)-oriented substrate. Starting from the substrate, the structure consists of a GaAs buffer layer (200 nm), an Al 0.52 Ga 0.48 As/AlAs digital alloy (0.4 nm/0.4 nm £ 100 periods ¼ 80 nm) sacrificial layer, an In 0.19 Ga 0.81 As (7 nm) bottom strain layer, a GaAs bottom spacer layer (100 nm), an In 0.19 Ga 0.81 As (14 nm) top strain layer, an Al 0.52 Ga 0.48 As selective-etching layer (100 nm), a GaAs top spacer layer (100 nm), an In 0.19 Ga 0.81 As (14 nm) strain compensation layer, and a GaAs cap layer (10 nm). Fig. 1 shows a cross-section of the epitaxial structure. The bottom and top strain layers give the bending force opposite to each other for tani-ori and yama-ori, respectively. A hinge formed just by the bottom strain layer and bottom spacer layer will bend upward. On the other hand, a hinge formed by the bottom strain layer, bottom spacer layer and top strain layer will bend downward. The strain compensation layer compensates the strain of all the other layers to obtain flat plates in the regions outside the hinges when the structure is released from the substrate.
We made a micro-stage formed by four legs that support a flat plate to demonstrate the fabrication process. Each leg is formed by a smaller plate connected to the substrate by a tani-ori hinge and connected to a horizontal plate by a yamaori hinge (Fig. 2) .
Devices were processed by photolithography and wet etching accordingly to the following steps. 10) . At this point, the micro-stage moved up to the right position powered by the strain relaxation in the structure. Finally, the sample was soaked in pure water and ethanol before drying using a freeze-dry technique with t-butyl alcohol. Fig. 3 shows optical microscope pictures of a micro-stage during the release process. The sacrificial layer etching starts at the edges and through holes in the micro-stage plate. Wrinkles and blobs appear in the layer during the etching probably due to the generation of hydrogen. Fig. 4 shows SEM pictures of micro-stages with different hinge lengths after freeze-dry. Hinge lengths were 7 and 27 mm, and the deflection angles of the hinges were 27 and 548, respectively. The curvature radius of the large plate was about 600 mm. The total thickness of the released plates is just 345 nm. For this relatively thin and large structure, it is rather difficult to control the flatness of the plate. Improvement of the flatness can be expected by increasing the total layer thickness.
Conclusion
A method to make hinges which bends toward opposite directions from the same epitaxial layers used in the microorigami technique was proposed, and was successfully applied to make standing micro-stages on a GaAs substrate. This method opens a path to fabricate more complex threedimensional self-positioned micro-machined structures.
